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Cerebral asymmetries result from hemispheric specialization and interhemispheric communication pattern 
that develop in close gene- environment interactions. To gain a deeper understanding of developmental and 
functional interrelations, we investigated interhemispheric information exchange in pigeons, which possess 
a lateralized visual system that develops in response to asymmetrical ontogenetic light stimulation. We 
monocularly trained pigeons with or without embryonic light experience in color discriminations whereby 
they learned another pair of colors with each eye. Thereby, information from the ipsilateral eye had to be 
transferred. Monocular tests confronting the animals with trained and transferred color pairs demonstrated 
that embryonic light stimulation modulates the balance of asymmetrical handling of transfer information. 
Stronger embryonic stimulation of the left hemisphere significantly enhanced access to interhemispheric 
visual information, thereby reversing the right-hemispheric advantage that develops in the absence of 
embryonic light experience. These data support the critical role of environmental factors in molding a 
functionally lateralized brain. 



Brains of humans and many other animals are characterized by a functional dominance of one hemisphere 
for different perceptual, motor or cognitive processes 6 g1 ' 2 . But hemispheric lateralization can only be 
functional when efficient interhemispheric connections control and mediate the degree and direction of 
information exchange. The interplay between hemispheric specialization and communication is shaped during 
development and requires differentiation of specialized intrahemispheric circuits as well as interhemispheric 
communication systems. While some aspects of asymmetry have a genetic foundation, the mature lateralized 
pattern only emerges in interaction with epigenetic factors like hormones, environmental stimulation, or social 
learning 2 " 4 . These factors develop their effects partly by interhemispheric systems, which thereby acquire own 
asymmetrical features. The development of specialized intrahemispheric circuits cannot be separated from that of 
lateralized interhemispheric components but is still poorly understood 5 " 9 . Deeper insight requires model systems 
allowing modulations of their asymmetrical functional organization. 

The visual system of birds constitutes an excellent animal model to investigate how epigenetic factors influence 
visual lateralization 10,3,11 . Birds like chicks or pigeons demonstrate a pronounced left-hemispheric advantage in 
discriminating and memorizing visual objects, categorizing, or visuomotor control. In contrast, the right hemi- 
sphere dominates visuospatial attention and controls aspects of social behavior like attack, copulation or escape 
from predators 31112 . 

These behavioral asymmetries can be easily demonstrated just by occluding one eye since the optic nerves of 
these birds cross virtually completely at the optic chiasm. Functional asymmetries are accompanied by structural 
left-right differences in the visual pathways 313 . While chicks display transient projection asymmetries within the 
thalamofugal pathway 13 , pigeons develop lifelong structural left-right differences within the tectofugal system that 
mediates foveal vision and controls visuomotor control 3 . Within this system, retinal input is transferred to the 
contralateral mesencephalic optic tectum. Bilateral projections ascend to the diencephalic nucleus rotundus, 
which in turn projects to the ipsilateral telencephalic entopallium. Apart from soma size asymmetries at the tectal 
and rotundal level 20 " 22 , there are more fibers crossing from the right tectum to the left rotundus than vice versa 14 . 
In contrast, there is no evidence for left- right differences in the number of retino tectal projections. Accordingly, 
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asymmetrical recrossing of tectorotundal fibers results in a more 
bilateral representation of visual information within the left hemi- 
sphere 14 , allowing it enhanced access to information learnt with the 
ipsilateral eye 11 . The better information transfer from the right to the 
left hemisphere might be related to a left hemispheric dominance in 
learning and visuomotor control 315 and enables the integration of 
hemispheric- specific knowledge 16 . 

Critical (albeit not all) aspects of visual asymmetries develop in 
response to asymmetrical photic stimulation during development. 
Due to an asymmetrical position of avian embryos within the egg, 
light shining through the egg shell stimulates the right eye, while the 
left eye is visually deprived. The resulting differences in retinal activ- 
ity induce asymmetrical differentiation processes in left and right 
hemispheric visual circuits, which ultimately establish the adult func- 
tional lateralization pattern 17 ' 318 . As a result, depriving the embryos 
from light during development prevents the formation of visuomo- 
tor as well as anatomical asymmetries in chickens and pigeons 1319 " 22 . 
In the altricial pigeon, manipulations of the visual experience after 
hatching still modify the typical pattern 20,23 " 25 . These studies show 
that the final lateralization pattern is not simply the result of activity- 
dependent differentiation processes within the stronger light stimu- 
lated hemisphere; it arises from subtle changes in the balance of 
left- right development. This suggests that visually driven asymmetry 
formation affects commissural systems, which in turn mediate 
interhemispheric communication and information exchange 318 . 
Accordingly, modulating the embryonic light experiences of pigeon 
embryos allows investigating in how far the asymmetrical develop- 
ment of intra- and interhemispheric communication systems is 
interrelated 16 . In the present study, we investigated the question 
whether asymmetrical information transfer is controlled by the onto- 
genetic light conditions. 

To this end, we trained pigeons with ('normal') or without embry- 
onic light experience ('dark-incubated animals') on a monocular 
color discrimination test. Thereby, each hemisphere learnt to dis- 
criminate a different pair of colors 11 . By testing the hemispheric- 
specific knowledge, animals of both experimental groups have to 
answer to the color pair learned by the other hemisphere 
(Figure 1). Therefore, we can estimate the access to transfer informa- 
tion with each hemisphere depending on the embryonic light 
conditions. 

Results 

Monocular testing of a first group of normal pigeons (n = 9) demon- 
strated a left-hemispheric dominance of transfer performance that 
confirmed previous data qualitatively 11 but not quantitatively (t-test 
for dependent samples: t = 1.631, p = 0. 142). 

In order to verify the observed behavioural asymmetries in normal 
birds (see below), we decided to test a second group of birds (n = 8). 
In a first statistical step, we analyzed whether the two normal groups 
differed in any parameter of performance. Since we found no stat- 
istical differences between the groups (neither with parametric t- nor 
with non-parametric Mann-Whitney-U tests), we pooled the data of 
normal birds and compared the performances of this group (n = 17) 
with that of the dark- incubated birds (n = 9). 

Monocular training. First, the animals were monocularly trained in 
color discriminations so that each hemisphere learned another pair 
of colors. On average, normal animals needed 7 ± 0.5 and dark- 
incubated pigeons required 9 ± 0.5 sessions to achieve the 
learning criterion of more than 90% correct responses during three 
consecutive sessions under each seeing condition. There was no 
difference in learning speed between groups or hemispheres. After 
training, both groups demonstrated comparable discrimination 
accuracies (controls: 96% ± 0.034%; dark-incubated: 95% ± 
0.04%) without any difference between the monocular seeing 
conditions (Figure 2). 



I. Trained color 




II. Transfer color pairs 



left eye/ 
right hemisphere 



right eye/ 
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Figure 1 | During training, the pigeons learnt to discriminate a different 
color pair with each eye/hemisphere. Because of the almost complete 
crossing of the optic nerves, occlusion of one eye restricted visual input 
primarily to the contralateral hemisphere. Accordingly, there was a pair of 
trained (I) and transfer colors (II) for each eye/hemisphere after training. 
Photograph was taken by M.M. 

Monocular testing. During monocular tests that directly followed 
training, the animals were confronted with a mixture of trained and 
transfer color pairs, which were learnt while seeing with the same or 
the other eye, respectively. Reward contingencies of transfer color 
pairs had to be transferred at some point in time during or after 
training. Therefore, performance during the discrimination of 
transfer colors could detect hemispheric-specific efficiency of 
accessing transfer information. 

Surprisingly, normal animals increased left-hemispheric discrim- 
ination of trained color pairs during the testing phase (t-test for 
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Figure 2 | Discrimination accuracy of trained color pairs during training 
and testing expressed as the percentage of trials responded correctly; 
dashed line indicates the learning criterion of 90% correct choices. Bars 
represent standard errors; * = p < 0.05 according to posthoc comparison. 
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Figure 3 | Discrimination accuracy of transfer color pairs during testing 
expressed as the percentage of trials responded correctly for the left (dark 
gray) and right (light gray) hemispheres of normal (left columns) and 
dark-incubated (right columns) pigeons; dashed line indicates the 
learning criterion of 90% correct choices (asterisks indicate performances 
significantly higher than 90% criterion according to one sample t- tests). 
Bars represent standard errors; * = p < 0.05, ** p < 0.01, ***p < 0.001, 
(*) = p = 0.05 + Cohen's d > 0.7 according to posthoc comparison. 

dependent samples: t = 2.232, p = 0.040; Cohen's d = 0.644; 
Figure 2), whereas right-hemispheric performances did not show 
any differences between training and testing (t-test for dependent 
samples: t = -0.418, p = 0.681, Cohen's d = 0.109). Dark-incubated 
animals did not show comparable changes in discrimination accu- 
racy between training and test sessions (t-test for dependent samples: 
ns; Figure 2). 

Comparing discrimination of trained and transfer pairs during 
the testing phase, normal and dark- incubated birds displayed hemi- 
spheric-specific variances (Figures 2, 3) that were analyzed in a 2 X 2 
X 2 mixed ANOVA with "group" (normal - dark) as independent 



factor and "pair-type" (trained - transfer), and "hemisphere" (left- 
right) as dependent variables. Mean discrimination performance did 
not differ between the experimental groups (F ls 2 4 — 0.01, p = 0.942) 
but discrimination of the trained color pairs was significantly better 
than that of the transfer pairs (F 1> 2 4 = 1 1.05, p = 0.0003; partial eta- 
squared r| p 2 = 0.315). Nevertheless, transfer was successful since 
accuracies of transfer color pairs did not undershoot the learning 
criterion of 90% even with the minor hemisphere (one sample t-tests: 
ns). Discrimination accuracy of the respectively better hemisphere 
even outperformed the learning criterion significantly (one sample t- 
tests: p < 0.05; Figure 3). 

In general, normal pigeons displayed better discrimination 
accuracies with the left hemisphere and dark- incubated animals with 
the right one (interaction "hemisphere" X "group": F 1/24 = 7.80, p = 
0.010; r| p 2 = 0.245); however, discrimination success also depended 
on whether the stimuli were learned or transferred (interaction 
"pair-type" X "hemisphere" X "group": F 1/24 = 6.44, p = 0.018; 
T| p 2 = 0.212). Only the hemispheric-specific discrimination accura- 
cies of transfer color pairs differed between the groups. Left hemi- 
spheric discrimination was significantly higher in normal compared 
to dark-incubated birds (t = 2.886, p < 0.008, Cohen's d = 1.238; 
Figure 3). Right-hemispheric differences between the groups were on 
the other hand present but not significant (t = —1.651, p = 0.112, 
Cohen's d = 0.709; Figure 3). In normal pigeons, left-right differ- 
ences in discrimination accuracy were substantial for transfer color 
pairs (t-test for dependent samples: t = 2.043, p = 0.056, Cohen's d 
= 0.727, Figure 3), but also present for trained color pairs (t-test for 
dependent samples: t = 2.100, p = 0.052, Cohen's d = 0.484). The 
left-hemispheric advantage in discriminating transfer color pairs 
(Figure 4a) was present in most of the individuals (Figure 4b) with 
a remarkable variation of right hemispheric performances ranging 
between 43%- 100%. Left-hemispheric scores, in contrast, varied 
only between 86%- 100%. 

In dark- incubated birds, discrimination of trained color pairs did 
not differ between the hemispheres (t-test for dependent samples: t = 
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Figure 4 | Degree of performance asymmetries for trained and transferred color pairs calculated as: (left-hemispheric performance - right- 
hemispheric performance) /mean (left- + right-hemispheric performance) *100; negative values indicate a right-hemispheric (RH) and positive values 
indicate a left-hemispheric (LH) advantage; (a) mean asymmetries of normal (white) and dark-incubated (black) pigeons; (b) individual asymmetries 
of transfer performance in normal (white) and dark- incubated (black) pigeons. Bars represent standard errors; * = p < 0.05 according to posthoc 
comparison in (a). 
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0.354, p = 0.732, Cohen's d = 0.113), but transfer pairs were pro- 
foundly better discriminated with the right hemisphere (t-test for 
dependent samples: t = -2.2231, p = 0.057, Cohen's d = 1.110; 
Figure 3). This led to a degree of asymmetry that was significantly 
reversed compared to normal pigeons (t = 2.621, p = 0.015, Cohen's 
d = 1.125; Figures 4a). A right-hemispheric advantage was present in 
nearly all dark-incubated animals (Figure 4b) whereby the discrim- 
ination accuracy ranged from 89% to 100%. The left-hemispheric 
performance varied between 68% and 97%. 

The observed differences in transfer performances were presum- 
ably not related to variations in response rates. Although both groups 
responded during a lower number of trials when confronted with 
transfer color pairs (normal: 98 ± 2.7% of trained/94 ± 8.5% of 
transfer trials; dark-incubated: 99 ± 0.4% of trained/92 ± 13.5% of 
transfer trials; Figure 5). These differences were not significant nei- 
ther for left- nor right-hemispheric trials (Friedmans ANOVA: 
normal: ANOVA Chi 2 (N = 15, FG = 3) = 6.052, p = 0.905; 
dark-incubated: ANOVA Chi 2 (N = 9, FG = 3) = 0.561, p = 0.109). 

Discussion 

Pigeons with and without embryonic light experience, show an 
opposite hemispheric lateralization pattern in accessing transfer 
information. This demonstrates that the balance of sharing visual 
information between the hemispheres is shaped by the ontogenetic 
light experiences. Environmental factors can counteract endogenous 
developmental tendencies supporting their critical role for the 
development of both intrahemispheric specialization as well as inter- 
hemispheric communication. 

Normal pigeons performed better in transfer color pair discrimi- 
nations when tested with the right eye. These results support an 
enhanced left-hemispheric access to information that has been prim- 
arily experienced with the contralateral right hemisphere and con- 
firms the asymmetry pattern observed by Valencia- Alfonso et al. n . 
In contrast, dark- incubated pigeons performed better with the right 
hemisphere and hence, showed a reversed asymmetry of sharing 
visual information. On the one hand, this is the first example for a 
functional lateralization that appears without visual experience dur- 
ing embryonic development in pigeons. In chickens, independence 
from embryonic light stimulation was previously shown for the right 
hemispheric dominance of novelty detection 26 ' 27 , visual choice to 
approach a social partner 28 , to detour an obstacle 29 , or prevalently 
monocular sleep 30 . So, functional asymmetries are present in dark- 
incubated birds, but when the embryos have been exposed to light, 
the endogenous asymmetry pattern can change. Light levels an 
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Figure 5 | Pecking activity of the left (LH) and right (RH) hemispheres of 
normal and dark-incubated pigeons during training and testing 
expressed as the percentage of responded trials. Bars represent standard 



inherent asymmetry in detouring an obstacle to reach a target 29 , 
reverses the left-right direction of eye opening during post-hatching 
sleep in chicks 30,31 , and the preferential access to transfer information 
in pigeons. 

A shift in the hemispheric lateralization pattern affects informa- 
tion exchange between the hemispheres 6 ' 3 ' 8 . Visual processing com- 
prises ascending bottom-up as well as descending top-down 
pathways and both include commissural projections 3 . It is therefore 
critical to disentangle at which level light is effective in modulating 
lateralized interhemispheric communication. As outlined below, our 
data suggest that biased visual experience during development influ- 
ences interhemispheric components of both systems. 

It is likely that light input primarily impacts on the development of 
ascending visual pathways and hence, bottom-up processing 17,3,18 
since visual experience is a critical factor for the activity- dependent 
fine tuning of visual circuits 6 * 32,33 . Thus, embryonic light deprivation 
might impair basic visual processing within dark- incubated birds or 
within the less stimulated right hemisphere of normal pigeons. But 
visual acuity does not differ between the hemispheres 34 and dark- 
incubated pigeons do not display signs of impaired visual perception 
or simple cognitive abilities 2216 . Accordingly, normal and dark-incu- 
bated pigeons in our experiments demonstrated no differences in 
learning speed or discrimination accuracy after training. Moreover, 
on average both experimental groups displayed successful transfer of 
conditioned stimulus contingencies. It is rather the efficiency in 
accessing transfer information that is dependent on the ontogenetic 
light experiences. 

As already mentioned in the introduction, functional dominances 
are accompanied by structural left- right differences within the tecto- 
fugal system in pigeons 3,35 . A subpopulation of fibers ascending from 
the mesencephalic tectum to the thalamic nucleus rotundus cross 
through the ventral part of the diencephalic supraoptic decussation. 
Thereby, the number of fibers projecting from the right tectum to the 
left rotundus is essentially higher than vice versa providing the left 
hemisphere with a more complete representation of information 
from both eyes 14 . Integrity of the supraoptic commissure is critical 
for interocular transfer of pattern, brightness or color discrimina- 
tion 36 " 38 . Therefore, the left-hemispheric advantage in accessing 
transfer information of normal pigeons can be the direct con- 
sequence of a stronger bilateral tectorotundal input 11 . 

Structural asymmetries in the visual pathways of pigeons and 
chickens are shaped by the ontogenetic light conditions 39,13,20 " 23,19 . 
This suggests that the proportion of crossing tectorotundal fibers 
could be regulated by asymmetrical photic input. Stronger stimu- 
lation of the left hemisphere during embryonic development may 
promote the growth and/or stabilization of fibers crossing to this 
brain side, causing the observed enhancement of left-hemispheric 
access to transfer information. But a direct relation between the 
degree of bilateral input and efficiency of accessing interhemispheric 
visual information would imply the presence of an asymmetrical 
tectorotundal projection in dark-incubated birds, too. Although 
not tested directly yet, this is questionable since asymmetries of tectal 
and rotundal soma sizes, which would indicate asymmetries of axo- 
dendritic complexity, are missing in light-deprived pigeons 22,23,19 . 
Therefore, it is unlikely that lateralized access to transfer information 
is only caused by asymmetries of ascending projections and hence, 
simply by the degree of input from the ipsilateral eye. 

Emergence of functional asymmetries seems to depend on more 
complex mechanisms, specifically those affecting processing of 
information from the ipsilateral eye. Physiological and behavioral 
data show a differential lateralized transmission of ipsilateral input 
by each hemisphere 40 . Cells that respond to ipsilateral stimulation 
were nearly exclusively detected within the left rotundus, but their 
number is remarkably small even on the left side 41 . Moreover, intero- 
cular transfer of learnt color discrimination is asymmetrically 
delayed up to three hours 42 . These data provide evidence for the 
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action of neuronal mechanisms that regulate access and/or handling 
of ipsilateral input. Therefore, it is conceivable that asymmetries of 
these mechanisms might be as important as bottom-up systems for 
the generation of asymmetrical functional asymmetries. 

It is likely that top-down projections mediate these mechanisms. 
Tectofugal processing is asymmetrically controlled by telencephalic 
top-down systems that arise in the forebrain 41,311 and descend 
towards the midbrain where inhibitory commissural systems regu- 
late hemispheric dominance, communication and cooperation 43 ' 316 . 
Blocking neuronal activity within the left hemisphere inhibits access 
to transfer information 11 and abolishes dominance of the left hemi- 
sphere in making a decision between conflicting information 44 . If 
top-down systems are ultimately decisive for the balance of hemi- 
spheric-specific access to visual information, their lateralized action 
might be a secondary but critical consequence of asymmetrical visual 
stimulation during ontogeny 1817 ' 3 . 

Ontogenetic plasticity studies demonstrate that monocular mod- 
ulations of visual experience exert their effects within both brain 
halves 17,318 . Light stimulation increases visuoperceptual skills in the 
left hemisphere but reduces right-hemispheric visuomotor speed 22 . 
Major effects of unilateral ocular manipulations can even be mani- 
fested within the primarily unaffected brain side 24 ' 25 . Transient silen- 
cing of retinal activity enhances the performance of the non- affected 
eye 24 . Thus, already during development, it is the balance of left- and 
right-hemispheric differentiation that reflects the action of asymmet- 
rical visual stimulation. Although light effects must be primarily 
mediated by ascending visual pathways, permanent asymmetrical 
effects are only stabilized by linking the action of top-down and 
interhemispheric systems 17 ' 3 . As a consequence, critical aspects of 
visuomotor functioning are shifted to the left hemisphere even coun- 
teracting endogenously present asymmetries. These mechanisms 
allow the left hemisphere a better access to interhemispheric visual 
information and provide it with an enhanced capacity to integrate 
information from both left and right visual hemi-fields during visual 
discrimination 45,22 and pecking control 46 ' 47 . To this regard, the 
observed left-hemispheric advantage in accessing information learnt 
by the ipsilateral eye might be related to a dominant role in visuo- 
motor control. In sum, our data indicate that biased visual experience 
induces structural left-right differences within the ascending visual 
pathways, but major functional consequences are manifested only at 
higher cognitive level within systems that regulate the balance of 
interhemispheric communication and exert executive control onto 
visuomotor behavior. 

Methods 

17 adult homing pigeons (Columba livid) of undetermined sex from local breeders 
(originating from two experimental groups with n = 9 and n = 8) as well as 9 adult 
dark- incubated animals from lab -own breeding pairs were used for the study. For 
dark incubation, fertilized eggs from eight pairs of breeding homing pigeons 
(Columba livid) were incubated in two still-air incubator kept in darkness at constant 
temperature (38.3°C) and humidity (60-75%) throughout the entire period of 
incubation. Directly after hatching, the nestlings were banded and swapped with the 
artificial eggs the breeding birds were sitting on 22 . 

The birds were housed individually and were placed on a 12/12 h light/dark cycle. 
Animals were maintained on 85%-90% of their free feeding weight throughout the 
experiments. Food was provided during the experiment and after experimental 
sessions. 

All experiments were performed according to the principles regarding the care and 
use of animals adopted by the German Animal Welfare Law for the prevention of 
cruelty to animals as suggested by the European Communities Council Directive of 
November 24, 1986 (86/609/EEC) and were approved by the animal ethics committee 
of the Landesamt fur Natur, Umwelt und Verbraucherschutz NRW, Germany. All 
efforts were made to minimize the number of animals used and to minimize their 
suffering. 

Behavioural training and testing. Experiments were performed within a 
conventional skinner box (32 (w) X 34 (d) X 32 (h) cm) equipped with a house light 
on the ceiling and two transparent square pecking keys (5 cm X 5 cm) on the front 
panel located horizontally with a distance of 11.5 cm to side panels and floor of the 
box. Behind the wall, a flat screen (HP with a resolution of 1024 X 768 Pixel) 
projected the particular color stimuli onto the transparent pecking keys. Centrically 



below the pecking keys, a magnetic food hopper delivered food reward (mixed grains) 
in case of correct responses. Conditioning was enhanced by an additional feeder light 
that was lit simultaneously with feeder activation located 10 cm above the floor. All 
programs used during training and testing were programmed with the Matlab- 
toolbox 48 . 

Monocular color discrimination training. After a hand- and autoshaping procedure 
where the animals learnt to associate key pecking with food, birds were subjected to a 
monocular training on a forced choice paradigm. The animals had to discriminate 
between a rewarded (S + ) and a non-rewarded (S — ) color displayed simultaneously 
on the two pecking keys. The four colors (red, green, blue, yellow) used were 
isoluminant and balanced across subjects and presentation side. Color pairs were 
presented to one eye while the other one was temporally covered with an eye cap. 
Owing to the almost total crossing in the visual pathway of the pigeon 49 , occlusion of 
an eye restricts visual input primarily to the hemisphere contralateral to the seeing 
eye. Thus, at the end of the training sessions, each hemisphere had direct experience 
with only one pair of colors. As a consequence, there was a pair of "trained" (learned 
with the contralateral eye of a hemisphere) and "transfer" (learned with the ipsilateral 
eye) colors for each hemisphere 11 (Figure 1). 

During training sessions, pecking on the rewarded color (S + ) led to food access for 
3 sec. while pecking on the non-rewarded one (S— ) resulted in 20 sec. of darkness. 
Training sessions with 60 trials per day were performed with daily alternating eyes 
until the animals reached 90% of correct responses in three successive sessions with 
each eye. Subsequently, the continuous reinforcement schedule was replaced by a 
variable ratio (VR 80) in which 80% of trials was rewarded. This adapts animals for 
the testing phase that included non-rewarded catch trials (see below). Animals were 
retrained until they reached learning criterion under VR 80 with each eye. 

Monocular test sessions. After reaching the learning criterion, three monocular test 
sessions for each eye were conducted. In these sessions, animals were confronted with 
48 "trained" color pairs randomly interspersed with 12 "transfer" color pairs. 
Responses to transfer stimuli were not rewarded. This allowed comparing monocular 
performance of trained and transfer color pairs in order to evaluate access to 
contralaterally learnt information and hence, efficiency in accessing transfer 
information. 

Data analysis. Statistical analysis was carried out using the program Statistica 10 
(StatSoft, Tulsa, USA). Normal distribution was evaluated by Kolmogorov-Smirnov 
and Shapiro-Wilk tests and homogeneity of variance by Levene as well as Brown- 
Forsythe-tests. Discrimination accuracies were analysed with mixed repeated 
measures ANOVA. Dependent and independent- 1- tests were conducted in cases of 
significant factor effects. Since sample sizes of the two experimental groups differed 
substantially, we repeated all analyses with non-parametric statistics. The 
nonparameteric tests led to the same results demonstrating significant differences 
between normal and dark- incubated birds only for the left-hemispheric performance 
(Mann- Whitney U-test: Z = 2.178, p = 0.029) and for asymmetries in discrimination 
accuracy of transfer color pairs (Mann- Whitney U-test: Z = 2,483, p = 0.013). As the 
non-parametric results proved to be comparable to the parametric results, we decided 
to use parametric statistics since they allow analyzing factorial interactions. Pecking 
activity wasanalyzed by nonparametric Friedmans ANOVAs since data were not 
normally distributed. 
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